The carcass of an Australian little red flying fox (Pteropus scapulatus) which died following entrapment on a fence was submitted to the laboratory for Australian bat lyssavirus exclusion testing, which was negative. During post-mortem, multiple nodules were noted on the wing membranes, and therefore degenerate PCR primers targeting the poxvirus DNA polymerase gene were used to screen for poxviruses. The poxvirus PCR screen was positive and sequencing of the PCR product demonstrated very low, but significant, similarity with the DNA polymerase gene from members of the Poxviridae family. Next-generation sequencing of DNA extracted from the lesions returned a contig of 132 353 nucleotides (nt), which was further extended to produce a near full-length viral genome of 133 492 nt. Analysis of the genome revealed it to be AT-rich with inverted terminal repeats of at least 1314 nt and to contain 143 predicted genes. The genome contains a surprisingly large number (29) of genes not found in other poxviruses, one of which appears to be a homologue of the mammalian TNF-related apoptosis-inducing ligand (TRAIL) gene. Phylogenetic analysis indicates that the poxvirus described here is not closely related to any other poxvirus isolated from bats or other species, and that it likely should be placed in a new genus.
INTRODUCTION
Bats are reservoirs of numerous viral agents that are transmissible to humans and animals, some of which are highly pathogenic in these species. Recent emerging or re-emerging diseases of public health significance that have their origin in bats include infections by severe acute respiratory syndrome (SARS) coronavirus (Ge et al., 2013) , Middle East respiratory syndrome (MERS) coronavirus (Memish et al., 2013) , Hendra virus (Halpin et al., 2000) , Nipah virus (Chua et al., 2002) , Ebola virus (Leroy et al., 2005; Leroy et al., 2009) and Australian bat lyssavirus (Gould et al., 1998) . In addition to this, ongoing research into bat-borne viruses using next-generation sequencing-based protocols is continually revealing new viral species (Dacheux et al., 2014; Sano et al., 2015) . Given the extremely large diversity of bat species in the world, with bats being second only to rodents in mammalian species diversity and making up some 20 % of mammals (Teeling et al., 2005) , it is likely this trend of discovery will continue.
With the notable exception of lyssaviruses, the majority of bat-borne viruses reported to date do not appear to cause significant clinical disease in the bat host, and this ability to host viruses with no apparent ill-effect is hypothesized to be one of the factors contributing to the broad range of viruses harboured by bats (Han et al., 2015) . It has recently been shown that a contracted IFN locus and constitutive expression of IFN-a is present in black flying foxes, and is hypothesized to be one of the mechanisms associated with unusual mammalian host-viral dynamics .
Here we report the genomic characterization of an almost full-length, novel poxvirus genome, associated with clinical disease in a flying fox. Poxviruses are relatively large viruses with dsDNA genomes (150-350 kb) that have evolved to infect a wide variety of hosts (ICTV, 2012 ). It appears that the genera that make up the Poxviridae family have evolved with some host-specificity; for example the avipoxviruses (Bolte et al., 1999) , suipoxviruses (Afonso et al., 2002) and capripoxviruses (Le Goff et al., 2009) infect birds, swine and sheep, and goats and cattle, respectively. The genetic distance between the poxvirus genera is approximately 20-30 % (nucleotide identity) (Ehlers et al., 2002) . Furthermore, many poxviruses within a genus have evolved to become specific to a particular host. Within the orthopoxviruses, variola virus (VARV; the agent of smallpox) and camelpox (CMLV) are thought to have evolved from a larger cowpox-like (CPXV) ancestral virus and that the restriction of host-range has been accompanied by the loss of some non-essential genes (Babkin & Babkina, 2015) .
The genome reported here is one of the smallest poxvirus genomes known and represents one of the most diverse AT-rich poxviruses, containing 29 predicted genes that are not present in any other poxvirus. Only one of these has similarity to any other gene in the public sequence databases, showing sufficient identity to the mammalian TNFrelated apoptosis-inducing ligand (TRAIL) to suggest it is a functional homologue.
RESULTS

Identification of virus
An Australian little red flying fox (Pteropus scapulatus) was found injured, trapped on a fence in the Kimberley region of North Western Australia. These animals are the smallest flying foxes, a species of megabat, recently reclassified as Yinpterochiroptera (Springer, 2013) , in mainland Australia. The animal subsequently died at a wildlife care facility. Upon gross examination, multiple (approximately 30), well circumscribed, papular, crusting lesions of approximately 0.5 cm diameter were present across the entire area of the wing membranes. There were no other abnormalities noted on examination of internal organs. A PCR test for the presence of Australian bat lyssavirus RNA in the brain was negative. Due to the gross pathology representing a pox-type lesion, DNA was extracted from the wing lesions and tested for poxviruses by PCR with degenerate primers targeting the viral DNA polymerase. The Poxpol_556F/Poxpol_673R primer set (Tuomi et al., 2014) amplified a product of approximately 350 bp (data not shown). Direct Sanger sequencing of the purified gel band resulted in a 325 bp sequence after trimming off primer sequences.ABLASTNsearchwiththissequencereturnedmultiple hits to the DNA polymerase gene from a very diverse set of poxviruses, all with very similar scores; however, the best match was to the sea otter poxvirus DNA polymerase gene (GenBank Accession KF425534.1). Unfortunately, limited samples were collected from the animal and no viral particles were observed in the homogenized lesion preparation under transmission electron microscopy. Similarly, during attempted virus isolation, no cytopathic effect was seen in any of the three cell lines over the course of three passages and PCR on the freeze-thawed supernatant from the final passage of each cellculture wasnegativeforpoxvirus DNA.
High-throughput sequencing
Approximately 33 million MiSeq paired-end reads were generated with an average read length of approximately 240 nt. In the absence of an available P. scapulatus genome, the reads were mapped to the Pteropus alecto (black flying fox) scaffold genome using the Burrows-Wheeler Aligner in an attempt to filter out host sequences before attempting assembly. After filtering, approximately 0.05 % of the reads remained unmapped and paired, these were extracted using SAMtools ) and fastqutils (Breese & Liu, 2013) and then de novo assembled using MIRA (Chevreux et al., 2004) . The initial assembly generated a 132 353 bp contig that included both inverted terminal repeat (ITR) junctions. Manual extension to match the ITRs (each 1314 bp) created a final contig of 133 492 bp with sequencing coverage of approximately 400Â.
This genome size represents the second smallest poxvirus genome reported. However, since very few genomes are sequenced to the hairpin termini and the lengths of ITRs also vary among isolates of a single species, this ranking should not be considered to be precise.
Genome annotation
In consideration of the species from which this virus was isolated, we have named it Pteropox virus (PTPV). However, since this is the only reported isolation of this virus, the little red flying fox may not be the sole or natural host of this virus. For the annotation of this genome, we set a minimum of 40 codons for open reading frames (ORFs) and annotated only the largest ORF where there were overlapping ORFs. Using this schema, 143 ORFs were annotated with 001 and 143 being identical because of their location entirely within the left and right ITRs, respectively (Table 1) . Overall, the PTPV ORFs are very tightly packed, with the consequence that although this virus is only 133.5 kb, it is predicted to have more ORFs than several other viruses that have genomes up to 16 kb bigger. Similar to other poxviruses, the PTPV genome is organized into six major blocks of ORFs that are mostly transcribed in one direction; the two end blocks of ORFs are transcribed towards the genome termini.
The PTPV genome possesses the 90 core orthologs that are present in all but one or two other chordopoxviruses; however, some of these absences may be due to sequencing errors. Interestingly, PTPV contains 29 predicted genes that, at this time, appear to be unique to this virus. All but three of these ORFs would encode proteins larger than 80 aa, and therefore we believe that this set of ORFs are very likely to be bona fide genes. Although two of these predicted genes (004 and 142; 47 % aa identity) are paralogs with very weak similarity to kelch-domain proteins, only one of the unique PTPV genes is predicted to encode a protein with any significant similarity to a protein present in the nonredundant protein database or the translated metagenomics databases. This ORF, PTPV-Aus-040, translates to a predicted 276 aa protein with very significant similarity (52 % aa identity over the ligand domain) to TRAIL, a member of the tumour necrosis factor ligand superfamily (discussed further below).
Phylogeny
Since the sea otter poxvirus sequence was the best hit with the PTPV PCR product, we aligned DNA sequences from a wide selection of poxviruses to the only available sequence of the sea otter poxvirus genome available (a 2233 nt fragment of the DNA polymerase gene). The unrooted phylogenetic tree ( Fig. 1 ) derived from this DNA multiple sequence alignment confirms that these two viruses are most similar to each other. Although they are 67 % identical at the protein level and 66 % identical at the nt level, this suggests that these viruses are sufficiently divergent to be placed in To confirm these evolutionary relationships and include the maximum available sequence information from a poxvirus (Eptesipox virus) isolated from big brown bats (Eptesicus fuscus) in the USA (Emerson et al., 2013) , we created an artificial protein sequence from seven concatenated translated gene sequences. Fig. 1 clearly shows that this Eptesipox virus is very different from the virus described in this paper. Also the Eidolon helvum poxvirus 1, which was only identified in a metagenomic study of material from African strawcoloured fruit bats, was excluded because no corresponding sequence data are available; however, it has previously been shown to be most closely related (76 % aa identity of the P4b core protein) to Molluscum contagiosum virus (Baker et al., 2013) , and both of these viruses have low A+T %.
Pteropox virus proteins of special interest
TNF-related apoptosis-inducing ligand homologue. PTPV-Aus-040 has no poxvirus orthologs, but when a BLASTP search of the non-redundant protein database was performed, the predicted protein best matched TRAIL (Wiley et al., 1995) from a wide variety of species (Fig. 2) . TRAIL, which is also known as TNF superfamily member 10, is a type II transmembrane (TM) protein that has a relatively short cytoplasmic domain (N-terminus) followed by a TM domain and an extracellular ligand domain (Cterminus). Consensus Constrained TOPology prediction (CCTOP) (Dobson et al., 2015) , which uses multiple topology prediction servers, confirmed that this arrangement of functional domains is very likely conserved in the PTPVAus-040 protein.
Although TRAIL belongs to a large superfamily of proteins that include TNF-a, lymphotoxin-a/b, CD40L, CD27L, FASL, 4-1BBL and OX40L, the TRAIL ligand domain is approximately 56 % identical (aa) to PTPV-Aus-040, whereas the next best match has only 25 % aa identity, confirming that it is very likely to be the cellular homologue. When the predicted ligand domain of PTPVAus-040 was compared to all TRAIL proteins in the database, including several from bats, there was no indication that one, or a group, matched significantly better than any other. This suggests that the acquisition of the cellular counterpart is an ancient event and that the evolutionary relationship has been lost.
Iterative Threading Assembly Refinement (I-TASSER), a protein structure and function prediction server (Yang Fig. 1 . Maximum-likelihood tree of PTPV with representatives of the Chordopoxvirinae subfamily. The tree was generated from a multiple sequence alignment of concatenated sequences of seven conserved proteins: RPO147, RAP94, mRNA capping enzyme large subunit, P4a precursor, RPO132, VETF-L and DNA primase. Accession numbers are listed in the Methods section. The relative position of the sea otter poxvirus that was determined using an alignment of a fragment of the DNA polymerase gene is superimposed onto the tree (dashed line).
et al., 2015a), generated a predicted structure for the PTPVAus-040 protein with a root-mean-square deviation of atomic positions (protein backbone) of 0.76 Å when threaded on to a structure of human TRAIL (PDB 1D4V_B; Fig. 3 ). The Robetta protein structure prediction server (Kim et al., 2004) produced very similar results (data not shown). Taken together, these results support the hypothesis that the PTPV-Aus-040 protein is likely to fold into a TRAIL-like structure with the ability to interact with TRAIL receptors. TRAIL shares a characteristic of other TNF superfamily proteins in that it forms trimers, with receptor proteins binding at monomer-monomer interfaces. The DR5 receptor is the most extensively studied TRAIL receptor to date. The structure of a ligand-receptor complex has been solved (Mongkolsapaya et al., 1999; Hymowitz et al., 1999 Hymowitz et al., , 2000 and the interacting amino acids determined. When the ligand portion of the PTPV-Aus-040 protein is aligned with the human and bat TRAIL protein sequences, the essential residues involved in DR5-binding and apoptotic activity are conserved (Figs 2 and 3) (Hymowitz et al., 1999 (Hymowitz et al., , 2000 Mongkolsapaya et al., 1999) . (Mavrommatis et al., 2013) . Although the deletion of this gene from ECTV-Moscow generated a highly attenuated virus (M. Buller, personal communication), the gene is very likely non-functional in VARV because of multiple indels that cause frameshifts scattered throughout the gene, and thus the gene is not associated with smallpox virulence. The vaccinia virus' (VACVs) orthologs, however, are disrupted by the introduction of a premature stop codon approximately at the midpoint of the gene, which is presumed to result in the synthesis of the N-terminal half of the schlafen-like polypeptide since the promoter region is unchanged (Chen et al., 2003) . Although mammalian schlafens, which comprise a broad family of proteins of various sizes are known to be regulated by interferons and expressed in a variety of immune tissues their role in virus infection, if any, is not clear. Interestingly, the PTPV-Aus-003 ORF also encodes the N-terminal half of a schlafen-like poxvirus protein without any DNA region present that resembles the 3¢ end of a schlafen-like ortholog. However, since a similar arrangement is also found in Yoka poxvirus (Zhao et al., 2011) and the Melanoplus sanguinipes entomopoxvirus strain Tucson (MSEV-Tuc) (Afonso et al., 1999) these ORFs, including the VACV gene fragment, which represents the N-terminal half of the ECTV schlafen-like gene may, in fact, be encoding functional proteins.
Ankyrin-like proteins. Only one ORF (008) in the PTPV genome is predicted to encode an ankyrin-like protein.
Many of the larger poxviruses contain multiple members of this group of proteins (Herbert et al., 2015) . The PTPVAus-008 predicted protein has several ankyrin-like motifs within the N-terminal domain and a cellular F-box-like sequence (Mercer et al., 2005) at the C-terminus, an arrangement known as a Pfam PRANC (Pox proteins Repeats of Ankyrin -C terminal) domain. The PTPV protein is highly diverged from all other poxvirus ankyrin-like proteins, it shares approximately 25 % aa identity with a variety of ankyrin-like proteins from a number of other poxviruses, but it is not possible to determine which is most closely related with any certainty. The poxvirus ankyrin-like proteins are not part of the essential set of core poxvirus proteins and several have been shown to play a role in host range and modulation of the host's antiviral immune response (Herbert et al., 2015) .
A-Type inclusion body. PTPV-Aus-120 encodes an A-type inclusion protein that shares approximately 25 % aa identity with the other known orthologs. Although these proteins are most common among the orthopoxviruses, other examples are known in Yoka poxvirus, avian poxviruses and some GC-rich viruses (Darby et al., 2014) . This low level of aa conservation is typical of comparisons for other A-type inclusion proteins with orthologs from different genera. The gene (PTPV-Aus-121) encoding protein P4c, which directs intracellular mature virus (IMV) into A-type inclusion bodies (McKelvey et al., 2002) , is also complete in PTPV suggesting that the virus is able to sequester virus particles in the inclusions to enhance host-host spreading.
Genome organization
The large majority of PTPV genes, where they exist in other genomes, are syntenic with the majority of chordopoxviruses, although some genes may appear to be in a different location simply due to large insertions or deletions in PTPV relative to the genome it is compared to. However, there are a few examples of genes that are in quite different positions. For example, the schlafen-like gene is at the left end of the PTPV genome but at the right in the orthopoxviruses. The block of DNA (3.5 kb) comprising the PTPV-037 to -41 genes has a number of unusual features. In other genomes, PTPV-037 (dUTPase) and PTPV-038 (3¢ beta-hydroxysteroid dehydrogenase) are (1) in positions that are much further to the left and right, respectively, of their PTPV positions, and (2) transcribed in the opposite direction.
In addition, the PTPV-039, -040 (TRAIL homologue) and -041 genes are, to date, unique to this poxvirus and no matches to PTPV-039 and -041 were detected in any protein database. The genes that flank this block in PTPV, VACV-Cop-E8R (virion core protein) and VACV-Cop-E9R (DNA polymerase), are immediately adjacent to each other in all poxviruses except the related group of Orf virus, Bovine papular stomatitis virus and Squirrelpox virus, which have a single ORF between them. Since the PTPV genome was assembled from short reads, all insertion/deletion junction regions breaking expected synteny patterns were checked manually to ensure that normal sequencing reads spanned these regions and confirming correct genome assembly.
When the relationships of the PTPV non-core/non-unique genes were compared to the other poxvirus genera, it was noted that several were only present in the GC-rich poxviruses. For example, orthologs of the PTPV-Aus-025/26 genes, which are inserted between the orthologs of VACVCop-F15L/F16L, are present only in GC-rich viruses such as MOCV, Orf, SQPV and BPSV. Similarly, PTPV-Aus-046 (Table 1) is found in an equivalent position to SQPV-035. Although the predicted zinc finger protein encoded by PTPV-Aus-025 is 40-45 % identical (aa) to the orthologs encoded by the GC-rich viruses, the other proteins in this category are significantly less conserved with only 20-24 % identity (aa), and are therefore not annotated with a function. Another group of PTPV genes that appear to be unique to this virus may in fact be orthologs with unusually low sequence similarity because they are situated in a position that replaces an otherwise missing ortholog in other poxviruses. Examples are PTPV-Aus-022, -023, -098 and -128, which may be orthologs of VACV-Cop-F14L, -F14.5L, -A4L and -A33R, respectively.
Many of the biochemical processes that are required to replicate poxviruses involve multiple gene products. In some processes, the viral proteins are part of a protein complex (e.g. transcription machinery) and in others the proteins may be part of a multi-step pathway (e.g. formation of extracellular virus). The prediction of virus characteristics based on the presence or absence of viral genes may be more difficult when they are part of such processes, and if host proteins are involved the operation becomes even more problematic (e.g. ribonucleotide reductase subunits) (Gammon et al., 2010) because an effect may only be present in certain host cells. However, when it is possible to observe a pattern in the presence/absence of genes among sets of viruses some biological information may be obtained. Of the seven genes (A33R, A34R, A36R, A56R, B5R, F12L and F13L; VACV-Cop nomenclature) known to be involved in the formation of extracellular enveloped vaccinia virus (EEV) (Smith et al., 2002) , A36R, A56R and B5R are clearly absent from PTPV and PTPV-128 possesses only a short A33R-like motif. Reviewing the status of the seven genes in all known poxvirus genomes reveals that these four genes are variably present, whereas the remaining three genes A34R, F12L and F13L are present in all chordopoxviruses with the exception of salmon gill poxvirus which is perhaps the most divergent virus (Gjessing et al., 2015) . However, experiments using VACV deletion mutants do not create clearly distinguishable phenotypes for these two sets of genes. Furthermore, the presence of such a large number of unique genes of unknown function in PTPV makes it equally difficult to compare the intertwined characteristics of virulence and host range of PTPV to other poxviruses. A particular PTPV protein may have different activities in different hosts due to interactions with hostspecific proteins or with other PTPV-specific proteins. For example, with respect to genes involved with interferon resistance (Perdiguero & Esteban, 2009 ), PTPV has orthologs of E3L and H1L, but not C7L, K1L, K3L, B8R or B18R (VACV-Cop nomenclature); however, with only genome sequences available, it is impossible to know whether the unique PTPV genes or different expression levels are compensating for the missing genes.
DISCUSSION
In this study, we describe the predicted full-length coding region, including ITRs, of a poxvirus genome from a little red flying-fox, P. scapulatus, tentatively named Pteropox virus. The genome of PTPV is significantly different from all known poxviruses sequenced to date, including the batderived poxviruses Eptesipox virus and Eidolon helvum poxvirus 1, such that it does not fall within any current poxvirus genus. This low level of sequence similarity with other characterized poxviruses from bats is not surprising given the genetic and geographical separation between the three species. Eptesicus fuscsus is part of the Vespertillionidae family and is found in the USA and is geographically and markedly genetically separated from the two members of the Pteropodidae, with an estimated divergence time between Yinpterochiroptera (containing the Pteropodidae) and Yangochiroptera (containing the Vespertillionidae) being in the order of 58.9 million years (Agnarsson et al., 2011) . Despite both being members of the Pteropodidae family, Eidolon helvum and P. scapulatus are markedly geographically separated species, being found in Africa and Australia, respectively. Given the relative host specificity of poxviruses within a particular genus, it is likely that these three bat poxviruses have evolved in the three highly diverged bat species since an ancient divergence. Phylogenetic analysis of the DNA polymerase gene indicates that PTPV is most similar to sea otter poxvirus and both may in fact be members of new poxvirus genera; however, confirmation of this is reliant on further analysis of the sea otter poxvirus genome when it becomes available. The PTPV genome is 66 % A+T, which is not unusual among poxviruses that vary widely in nucleotide composition. Poxvirus genomes range from 33 to 82 % A+T, although only insect poxviruses have A+T >80 %; however, the reason for this disparity and mechanism that produces and maintains it is unknown. Within a genus, values are similar, but again there is no obvious trend associated with the organization of the genera on the complete phylogenetic tree. However, the nucleotide composition of PTPV is interesting in light of the presence of several genes that are otherwise restricted to the GC-rich viruses. This indicates that these two groups of viruses may be more closely related than simple sequence identity and the phylogenetic tree might suggest; these drastic changes in nucleotide composition not only affect codon usage, they impose changes to the aa content. The comparison of PTPV proteins to the other poxviruses also serves to illustrate the extreme variation in identity levels observed when different proteins are used. The PTPV RNA polymerase subunit RPO147 is 70-73 % identical (aa) to proteins from multiple AT-rich genera, whereas the PTPV ortholog of VACV-Cop-A35R, an inhibitor of MHC II antigen presentation (Rehm et al., 2010) , shares no more than 30 % identity with other poxvirus proteins.
The majority of recent viral discoveries in bats have been from apparently healthy specimens. For example, diverse Coronavirus species (Ge et al., 2016; Yang et al., 2015b) and Reovirus species (Yang et al., 2015c) have been isolated and characterized from bats showing no signs of clinical disease. Indeed, aside from the lyssavirus species infecting bats, few other viruses to date appear associated with clinical disease. It is therefore interesting to note that the presence of this virus was associated with typical poxvirus-like lesions, that is, vesicular to nodular skin lesions. Little red flying foxes roost in extremely large colonies, sometimes up to 1 million in number, which theoretically provides many opportunities for disease transmission such as deposition of the virus on body surfaces followed by infection of abrasions or auto-inoculation during grooming. Due to this, it is surprising that such a disease syndrome has not been described previously. Perhaps it is a very acute clinical disease that resolves rapidly and does not cause the host any systemic illness, or alternatively, there may have been some immunosuppression or immunomodulation in this particular individual, allowing a virus normally carried subclinically, a now well-documented situation in bat species (Rodhain, 2015) , to be expressed as a clinical disease entity. Since bats live in very large colonies, agents that infect them may be restricted to low virulence (also perhaps chronic or persistent infections), rather than virulent acute infections which may eradicate bat colonies and the pathogen with them, such as in the current situation with the fungal disease, White nose syndrome, in North America (Frick et al., 2015) . The other possibility is that only flying foxes that have been captured following misadventure or illness and sent to wildlife care facilities are examined, leading to a very small sample size of the overall population, and subsequent misrepresentation of a disease of low prevalence. Current research into the virome of bat species is largely driven by the search for precursor species of known human pathogens such as MERS coronavirus (Wang et al., 2014) , or scanning for species with zoonotic potential (Mortlock et al., 2015) . As such, a key concern with PTPV is whether or not it has zoonotic potential, but due to the inability to isolate the virus, in vitro testing in human-derived cell lines could not be undertaken as an initial predictive test. However, there are several indications that PTPV may have already undergone extensive host-specific adaptation: (1) frequently, there is general host specificity of poxviruses within a genus (PTPV likely represents a new genus); (2) relatively few non-essential genes that are usually associated with host specificity (Babkin & Babkina, 2015) are shared with other viruses (e.g. the presence of only a single ankyrin-like protein); (3) the relatively small genome of PTPV; and (4) the presence of 29 unique ORFs. Thus, without further in vitro testing, it is hypothesized that PTPV would not be a zoonotic pathogen.
Poxviruses have captured a variety of genes from their hosts that have subsequently evolved to encode proteins that mitigate the effectiveness of the host's immune response. Some of these are receptor mimics and are secreted from infected cells to block their cognate cytokine; examples are known to block IFN-a/b, IFN-g, TNF, IL-18 and chemokines (Upton et al., 1992; Nelson et al., 2015) . Although fewer in number, some poxviruses also encode versions of cytokines (IL-10) and growth factors (EGF and VEGF) (Ouyang et al., 2014; Buller et al., 1988; Wise et al., 2012) . PTPV-Aus-040, which encodes a novel homologue of TRAIL, extends this repertoire of apoptosis inducing proteins further (Gonzalvez & Ashkenazi, 2010) . This is especially interesting because the viral TRAIL homologue, as a member of the TNF ligandlike family, could function as an 'attacking cytokine' by triggering apoptosis in cells that are attacking virus-infected cells or as a 'defensive cytokine receptor-mimic' by acting as a cytokine that binds TRAIL receptors on infected cells, blocking the receptors and leading to failure to trigger induction of apoptosis. In the latter example, the ligandbinding domain of the viral TRAIL would need to be proteolytically cleaved to release it from the surface of the infected cell. Although TRAIL is more potent when membrane bound, it can be released by cysteine protease cleavage (Mariani & Krammer, 1998) . Since triggering of apoptosis by TRAIL occurs through receptor clustering (Gonzalvez & Ashkenazi, 2010) , the trimer structure of TNF ligands is also important. Most of the hydrophobic amino acids involved in the trimer interfaces are conserved in the PTPV-Aus-040 protein, but it will be important to determine whether the viral protein forms trimers.
A further mechanism is raised by the fact that the human cytomegalovirus (HCMV) protein UL141 binds TRAIL receptors (death receptors) in the endoplasmic reticulum, thereby preventing them reaching the surface of the infected cell (Nemcovicova et al., 2013) . However, the HCMV-UL141 protein has no sequence similarity to TRAIL and uses non-canonical interactions and motif mimics. Thus, PTPV-Aus-040 protein could also reduce apoptotic killing of infected cells by preventing the TRAIL receptors from transiting to the cytoplasmic membrane of infected cells.
It is unfortunate that PTPV could not be isolated in cell culture, or visualized via EM in lesion material. The lack of success in isolation is likely due to sample quality; the material was held at À20 C for nearly 4 weeks prior to being transported to the laboratory, and the inoculum material underwent at least two freeze-thaw cycles prior to use in the isolation procedure, which would further deplete any remaining viable viral particles. It could also be argued that the cell types used for isolation were not permissible for the growth of this virus, but poxviruses can often be isolated in cell lines derived from host species different from those they naturally infect (McFadden, 2005 ).
In conclusion, we have characterized the genome of a novel, highly divergent poxvirus, which, unusually for viral infections in bats, appears to be associated with clinical disease. PTPV is unrelated to other poxviruses isolated from bats and encodes 29 novel poxvirus genes, one of which is predicted to protect infected cells from the host's immune system by a novel mechanism involving TRAIL.
METHODS
Sample. An adult, female, little red flying fox (P. scapulatus) from the Kimberley region in North Western Australia was found caught on a fence. The flying fox was transferred to a wildlife care facility, but its condition deteriorated rapidly and it died. The carcass was frozen at À20
C for approximately 1 month before being shipped on ice to Murdoch University. A full post-mortem was conducted and samples of all tissues stored at À80 C.
PCR. An initial screening reverse transcription PCR was performed on brain tissue for the presence of Australian bat lyssavirus using the primer pairs G5¢FOR/G5¢REV and G3¢FOR/G3¢REV designed to amplify a segment of the glycoprotein gene (Guyatt et al., 2003) .
For poxvirus screening, DNA from lesions was extracted using a DNEasy blood and tissue kit (Qiagen), according to the manufacturer's instructions and the primers Poxpol_556F (5¢-GAYTAYAAYWSNYTNTAYCC NAAYGTITG-3¢) and Poxpol_673R (5¢-RAANCCCATNARNCC RTAIAC-3¢) designed to amplify a segment of approximately 374 bp of the DNA polymerase for all Chordopoxvirinae species (Tuomi et al., 2014) were used. Reactions were performed using GoTaq Green Master Mix (Promega), 1 µM of each primer and 2 µl of DNA template in a 20 µl reaction with the following reaction conditions: 94 C for 2 min followed by 40 cycles of 94 C for 30 s, 49 C for 45 s and 72 C for 30 s, and a final extension of 72 C for 7 min.
All PCR products were analysed in 2 % agarose gels containing SYBR Safe stain (Invitrogen). Bands of the expected size were excised from the gel and DNA was purified with a Wizard SV Gel and PCR Clean-up kit (Promega) and submitted to the Australian Genomic Research Facility for Sanger sequencing.
High-throughput sequencing. DNA from lesions was extracted as described above. Library preparation was undertaken using a Nextera XT DNA Library Prep Kit (Illumina), according to the manufacturer's instructions, with the following minor modifications. During the Nextera tagment amplification (NTA) reaction, the cycling step of 55 C for 5 min was increased to 7 min and for the PCR bead clean-up, 30 µl of AMPure beads was used. The library was sequenced on an Illumina MiSeq V2 2Â250 flowcell using standard Illumina MiSeq protocols.
Bioinformatics. For poxvirus-specific bioinformatics analyses, extensive use was made of the Viral Bioinformatics Resource Centre (Ehlers et al., 2002) (www.virology.ca) . The following tools were used: Viral Orthologous Clusters Database for sequence management (VOCs) ; JDotter for creating a genome dotplot (Brodie et al., 2004a) ; Base-By-Base for genome/gene/protein alignments (Brodie et al., 2004b; Hillary et al., 2011) ; Viral Genome Organizer for genome organization comparisons (VGO) (Upton et al., 2000) ; and Genome Annotation Transfer Utility for annotation (GATU) (Tcherepanov et al., 2006) . FastQC program (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc/) and SAMtools' 'flagstats' ) were used to generate fast statistic reports to raw read dataset pre-and post-filtering. The Burrows Wheeler Aligner ) was used to map and remove host reads. Post-filtered reads were inputted into MIRA (Chevreux et al., 2004) for de novo assembly of the genome. Tanoti (http://www.bioinformatics.cvr.ac.uk/tanoti.php) was used to map raw or filtered reads to the assembled genome, and the SAM file created was then converted further downstream for visualization. SAMtools' 'tview' and Tablet software (Milne et al., 2013) were used to visualize raw reads mapped to assembled contigs. SAMtools and Miraconvert (Chevreux et al., 2004) were used to convert files from fastq to SAM to BAM files, and from SAM files to other formats as required.
I-TASSER (Yang et al., 2015a) and Robetta (Kim et al., 2004) were used independently to predict the PTPV-Aus-040 protein structures using human TRAIL structures 1D4V_B and 1D0G_A, respectively. The Protein Data Bank (PDB) structure predicted by I-TASSER was used with the Chimera visualization software (Pettersen et al., 2004) for Fig. 3 .
Genome annotations. GATU was used to capture all the potential ORFs with the following criteria: largest ORF range, greater than 120 nucleotides and minimal overlapping (overlaps cannot exceed 25 % of one of the genes). These ORFs were subsequently extracted into a FASTA file and placed into a BLASTP search against all organisms in the nr database using lenient parameters: word size 2, BLOSUM62, and did not filter against low-complexity regions. Further support of gene functions were made with results from Conserved Domain Database (CDD) search, HHPred, BLASTX and VOCs. The final PTPV annotation was further examined with other poxvirus ortholog alignments to determine the correct methionine start site, correct stop codons, signs of truncation, validity of overlaps and synteny.
Genome sequences and phylogenetic analysis. The protein sequences used for phylogenetic analysis in this paper were extracted from the following virus strains using the VOCs database: PTPV-Aus (KU980965), BPSV-BV-AR02 (NC_005337), CNPV-VR111 (NC_005309), COTV-SPAn232 (HQ647181), CPXV-BR (NC_003663), CRV-ZWE (NC_008030), DPV-W1170_84 (AY689437), FWPV-Iowa (NC_002188), GTPV-Pellor (NC_004003), MOCV-st1 (NC_001731), MYXV-Lau (NC_001132), ORFV-SA00 (NC_005336), RFV-Kas (NC_001266), RCNV-Herman (KP143769), SQPV-Red_squirrel_UK (HE601899), SWPV-Neb (NC_003389), TANV-KEN (NC_009888), TKPV_HU1124 (NC_028238.1), VARV-GBR44_harv (DQ441444), YMTV-Amano (NC_005179), YLDV-Davis (NC_002642) and YKVDakArB_4268 (HQ849551).
Multiple sequence alignments was constructed using MAFFT (Katoh et al., 2009 ) then manually edited using Base-By-Base. The MSA was used as input for MEGA6.06 (Tamura et al., 2013) to create a maximum-likelihood tree under the LG model with rate parameter as Gamma distributed with Invariant sites (G+I). The dashed-line phylogenetic branch with sea otter poxvirus was created by using a fragment of the DNA polymerase gene (AGZ62590.1), the only available sequence.
Electron microscopy and virus isolation. For electron microscopy (EM) analysis, samples of lesions were suspended in 1 : 10 in phosphate buffered saline (PBS) and disrupted in a TissueLyser system (Qiagen) with 5 mm stainless steel beads. Suspensions were clarified by centrifugation at 14 000 g for 5 min, followed by filtration of the supernatant through a 0.45 µm filter. The filtrate was then concentrated approximately 10Â using a Microsep 10 K Omega column (Pall Life Sciences), followed by application to a formvar-coated EM grid, and negative staining with 2 % phosphotungstic acid. Grids were then viewed by transmission electron microscopy.
For preparation of virus isolation inoculum, lesions were homogenized in PBS, clarified at 16 000 g for 10 min, 0.45 µm filtered and diluted 1 : 2 into viral transport media (VTM). Inoculum was then applied to two separate cell lines (Vero and HaCaT), which underwent monitoring for cytopathic effect and three blind passages. After three passages, cultures were freeze-thawed and DNA extracted from the supernatant for PCR analysis using the Poxpol_556F and Poxpol_673R primers described above.
